To determine the maximum tolerated dose of ABT-510, a thrombospondin-1 mimetic drug with antiangiogenic properties, when used concurrently with temozolomide and radiotherapy in patients with newly diagnosed glioblastoma.
P RIMARY BRAIN TUMORS AFFECT more than 50 000 individuals in the United States per year, a large percentage of which are aggressive in behavior. 1 Current treatment relies primarily on surgery, radiation, and chemotherapy. For patients diagnosed with the most aggressive and most frequently occurring primary intracranial malignancy, glioblastoma, the median overall survival time is just less than 15 months. 2 Malignant gliomas are characterized by an intensely angiogenic phenotype resulting from high levels of vascular endothelial growth factor (VEGF) expression. 3 Angiogenesis not only appears to support the growth and progression of malignant glioma but results in significant neurologic dysfunction from loss of cerebral blood flow autoregulation and regional ischemia due to edema. Therapy directed at the promoters of glioma angiogenesis in the central nervous system is gaining attention in the neuro-oncology community. Clinical trials in patients with recurrent glioblastoma using the VEGFneutralizing antibody bevacizumab have resulted in significant radiographic responses and improvements in patient outcomes. 4, 5 Despite these important advances, glioblastomas universally recur, and alternative strategies to inhibit tumorassociated angiogenesis are needed.
Although trials focused on inhibitors of aberrantly overexpressed angiogenesis-promoting factors have dominated the landscape, replacement of endogenous inhibitors of angiogenesis remain viable opportunities for clinical investigation. 6 ABT-510 (Abbott Laboratories, Abbott Park, Illinois) was developed to improve pharmacodynamic and pharmacokinetic profiles of the type 1 repeat peptide of thrombospondin 1 (TSP-1). Both TSP-1 and its highly homologous family member, TSP-2, can promote antiangiogenic effects through sequences found in the TSP-1 repeat and amino-terminal domains. [7] [8] [9] Peptides from the second TSP-1 repeat domain that contain the sequence GVITRIR inhibit angiogenesis in vitro. 10 ABT-510 can (1) induce apoptosis of bovine capillary endothelial cells and human umbilical artery endothelial cells, (2) inhibit tubular morphogenesis induced by VEGF, and (3) inhibit corneal neovascularization induced by basic fibroblast growth factor. 11, 12 ABT-510 limits angiogenesis by inducing apoptosis in brain microvascular endothelial cells through a death receptor-mediated pathway. ABT-510 competes with thrombospondin and inhibits VEGF-induced migration in vitro of human microvascular endothelial cells and inhibits malignant glioma growth in vivo by inhibiting angiogenesis. 13, 14 A rationale for the study of endogenous inhibitors of angiogenesis in malignant glioma is thus provided as a means to block a disease behavior that is detrimental to patient outcomes. We report the toxicity profile and patients' responses to ABT-510, a thrombospondin mimetic antiangiogenic drug, when used concurrently with standard therapy in patients with newly diagnosed glioblastoma.
METHODS
This was an investigator-initiated study supported by the University of Alabama at Birmingham Specialized Program in Research Excellence for Neurological Cancer. The protocol (UAB 0327) was reviewed and approved by the institutional review board, and all patients signed informed consent.
Patients eligible for enrollment met the following criteria: 19 years or older, histologically proven glioblastoma, recovery from toxicities of previous therapies, treated with a stable dose of corticosteroids for 5 or more days, Karnofsky performance status of 60% or better, adequate hematologic, renal, and hepatic function, and capability of providing informed consent.
TREATMENT PLAN
This study was designed as an open-label, phase I trial to evaluate the toxicities and determine the maximum tolerated dose (MTD) of ABT-510 in patients with newly diagnosed glioblastoma when given with standard radiation and chemotherapy with temozolomide. ABT-510 is N-acetylsarcosyl-glycyl-L-valyl-D-allo-isoleucyl-L-threonyl-L-norvaly-L-isoleucyl-L-arginyl-Lprolyl-N-ethylamide that is supplied as an acetate salt and is soluble in water or saline. The study drug was given as a subcutaneous daily injection on a dosing schedule that was continuous. The treatment schema is illustrated in Figure 1 . A 4-week interval was considered a treatment cycle. The cohort size was 3 evaluable patients; cohorts were expanded to 6 patients if a single dose-limiting toxicity (DLT) event occurred in the initial 3 patients. The starting cohort received ABT-510 at a dose of 20 mg, and the protocol-defined dose levels were 50, 100, and 200 mg/d. The maximum-dose group was expanded to a total of 14 patients to collect additional safety/ toxicity and molecular data in this patient population. The starting dose and schedule were selected based on animal studies and previous experience in humans. The MTD was defined as the dose level below the dose that induced DLTs in more than 2 of 6 patients or the dose level below which produced DLT in 2 or more of 3 patients (3 or more of 6). A DLT was defined as any grade 3 or 4 toxicity attributable to ABT-510, evaluated according to the National Cancer Institute Common Toxicity Criteria version 3. Patients had an evaluation for measurable disease by cranial magnetic resonance imaging every 8 weeks of treatment and a neurological examination every 4 weeks. Pharmacokinetic studies were not performed, and patients were not stratified based on anticonvulsant use.
GENE EXPRESSION ANALYSIS
Formalin-fixed, paraffin-embedded tumor tissue sections were collected from 20 of the 23 enrolled patients. The RNA was extracted from 20-µm curls using the Roche High Pure RNA Paraffin Kit (Roche Diagnostics, Mannheim, Germany) per the manufacturer's instructions. The quality of the RNA was deemed adequate in 15 samples based on A260/A280 ratios. Control brain samples (5 samples) were obtained from the University of Alabama at Birmingham Brain Tumor Tissue Bank and collected from brain resected from patients who had surgery for epilepsy or trauma. Reverse transcription was performed using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, California) per the manufacturer's instructions.
Individual real-time quantitative polymerase chain reaction assays were formatted into a TaqMan low-density array (TLDA; Applied Biosystems). The precision, accuracy, and intra-assay and interassay variability have been previously described in detail by our laboratory. 15 The Taqman Human Angiogenesis TLDA (Part Number 4378710; Applied Biosystems) was used, with analysis performed using the Applied Biosystems Prism 7900HT sequence detection system. Samples were normalized to the 18S housekeeping gene included on the array. Gene expression values were calculated using the comparative C t method. 15 Real-time polymerase chain reaction was used to analyze the expression levels of 96 genes in 15 tumor samples and 5 control brains. Expression values for individual samples were calculated by the comparative C t method, normalized to a single control brain, and logarithmically (log 2 ) transformed. To eliminate nonspecific expression changes, the data were filtered by demanding that the expression level of any gene in any tumor sample be outside the interval consisting of the mean (2SDs) of the expression of the same gene in the 5 control brains (eTables 1 and 2; www.archneurol.com). The log 2 -transformed expression levels of filtered genes were changed to 0. A 2-sample t test was applied at the 1% significance level (PϽ.01) to discover genes that predicted long survival times. Data analysis was done in Matlab (Mathworks, Natick, Massachusetts).
STATISTICAL ANALYSIS
Patient characteristics and toxicities were summarized using appropriate descriptive statistics. Survival time was calculated from the start of treatment until death from any cause, and surviving patients were censored at the time of last follow-up. The method of Kaplan and Meier was used to estimate survival. Confidence intervals were calculated using standard methods. These analyses were performed using SAS version 9.1.3 (SAS Institute, Cary, North Carolina).
RESULTS

PATIENT CHARACTERISTICS
The study was activated in April 2005, and 24 patients were accrued by November 2006. One patient withdrew consent before initiating treatment and is not considered in this analysis. Most patients were white (87%) and male (61%). The median age was 55 years (range, 20-73 years). The median Karnofsky Performance Status score at the time of consent was 90 (range, 70-100) and the median Mini-Mental State Examination score was 29 (range, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . All patients had prior surgery and initiated adjuvant treatment with standard fractionated radiation therapy with concurrent temozolomide chemotherapy following the Stupp regimen, with the exception of the number of maintenance cycles. 2
TOXIC EFFECTS
The most common adverse reaction of ABT-510 was location injection site reaction given the subcutaneous delivery of the compound. In this trial, there were no DLTs described for the 20, 50, 100, or 200 mg daily doses, and an MTD was not defined. The primary adverse events noted that were felt to be possibly or probably related to ABT-510 were injection site reactions and fatigue. These were predominantly clustered at the maximum dose level of 200 mg per day, as shown in the Table. All of the events were graded as 1 or 2. The injection site dermal reac-tions were described as mild erythema or swelling. Because the maximum dose was delivered on a twice-daily schedule owing to the volume, these reactions likely reflect an adverse effect of the volume of administration and not necessarily an inflammatory reaction to ABT-510. Fatigue was also a common adverse event and again was clustered in the upper dose group with a mild effect being quantified as grade 1 or 2 in all circumstances. There were no hematological toxicities felt to be related to ABT-510. A total of 18.5% of enrolled subjects had a grade 3 or 4 neutropenia or thrombocytopenia secondary to temozolomide.
RESPONSE ASSESSMENT
Of the 23 patients who began treatment, all but 1 completed the induction phase. The 1 patient voluntarily discontinued ABT-510 in the fourth week of radiation with temozolomide owing to the need for twice-daily subcutaneous injections. Of the 23 patients treated, 3 were still alive as of November 10, 2009. The median time to progression was 45.9 weeks (95% confidence interval, 29.3-73.0), and the median overall survival time was 64.4 months (95% confidence interval, 48.7-84.7). The Kaplan-Meier estimates of time to progression and overall survival for the entire study population are illustrated in 
GENE EXPRESSION PROFILES
The gene expression levels in the 5 control brains were applied to determine a reference range consisting of the mean (2 SDs) for each gene (P Ͻ.05). Genes whose expression levels fell outside of the reference range and 73% to 99% of the tumors are shown in Figure 3 and Figure 4 , respectively. The results are consistent with the existence of a concerted promigration, proangiogenesis, and progrowth effort of the tumor. The expression levels of a number of genes implicated in migration and invasion including ANGPT2, MMP2, FN1, and the genes that encode the ␣-5 and ␣-4 integrins (ITGA5 and ITGA4) were upregulated. ANGPT2 is believed to enhance glioma invasion through enhanced matrix metalloproteinase 2 expression and secretion; this effect is mediated by its interaction with ␣5-␤1 integrins and by the activation of key signaling pathways. 16, 17 TIMP3 has been shown to promote glioma cell invasion. 18, 19 Integrin ␣5-␤3 is known to enhance angiogenesis and tumor growth. 19 The genes encoding the molecules that promote angiogenesis and tumor growth, including VEGFB, 20 angiopoietinlike 2, interleukin 8, 21 platelet endothelial cell adhesion molecule 1, 22 and Perlecan were also found to be upregulated. Perlecan regulates prostate cancer cell growth via the Sonic Hedgehog pathway. 23 Interestingly, the expression levels of TSP1 and TSP2 were not elevated compared with control brains in 60% and 87% of the tumors, respectively. Finally, we examined the differential gene expression in tumors from patients who were still alive (RNA was available for 2 patients still alive Ͼ3 years from enrollment) compared with those who did not survive (RNA was available for 13 patients) using a 2-sample t test (PϽ.01). The results revealed that low expression levels of TIE1 and FGF1 correlate with longer survival times. The gene expression heat maps are shown in Figure 5 . TIE1 is an orphan receptor tyrosine kinase that is expressed almost exclusively in endothelial cells and is required for normal embryonic vascular development. Sig-naling through TIE1 and its biological effects are not well understood; nevertheless, autophosphorylation of TIE1 leads to downstream activation of phosphoinositide kinase and Akt (protein kinase B family) and inhibition of apoptosis. [24] [25] [26] [27] Acidic fibroblast growth factor 1 (FGF-1) is a member of the fibroblast growth factor family that binds with high affinity to all 4 fibroblast growth factor receptors, which are involved in diverse cellular processes such as tumor cell migration and angiogenesis. Thus, it is not surprising that low FGF1 expression correlates with long survival times. 28 COMMENT This is one of the first studies to focus on the clinical evaluation of endogenous inhibitors of angiogenesis as an antiangiogenesis strategy exclusively in glioblastoma. The primary objective of the study, which was to define the . Genes differentially expressed in 100% of tumors. Shown are the log 2 -transformed expression ratios of the genes whose expression levels in 15 of 15 tumors fall outside the reference range determined from 5 control brains. ANGPT2 indicates the gene encoding angiopoietin 2; COL4A1, collagen type IV ␣1; COL4A2, collagen type IV ␣2; EDIL3, epithelial growth factor-like repeats and discoidin I-like domains containing protein 3; FN1, fibronectin 1; IL8, interleukin 8; ITGA4, integrin ␣4; ITGB3, integrin ␤3; NRP2, neuropilin 2; and PECAM1, platelet-endothelial cell adhesion molecule 1.
(REPRINTED) ARCH NEUROL / VOL 67 (NO. 3), MAR 2010 MTD of ABT-510, was not met, as the highest available formulation did not generate DLTs. The adverse events described in this study were similar to those described in other early-phase trials of ABT-510 in patients with cancer. Injection site reactions (erythema and edema) and fatigue (asthenia) were noted in 46% and 32%, respectively, of patients with advanced cancer enrolled in a phase I trial of 2 different dose schedules of ABT-510. 29 The maximum dose explored in the study was 100 mg each day, and all of the adverse events related to ABT-510 were graded as mild. In a phase II study in patients with advanced renal cell carcinoma, the primary adverse events remained injection site reactions and fatigue; however 20% of grade 3 or 4 events were judged by the investigators to be possibly or probably related to treatment. 30 Our results expand on these findings in 3 ways. First, the addition of ABT-510 to standard chemoradiation for malignant glioma did not result in an increase in adverse events or the identification of new events not previously described. Second, we did not see evidence of intracranial hemorrhage, even asymptomatic occurrences, as an untoward event in patients with intracranial malignancies. Third, the maximum dose was expanded to 200 mg per day without a change in the pattern or grade of adverse events. The hematological toxicities affecting 18.5% of patients were felt to be secondary to temozolomide and are consistent with hematological toxicity rates previously described for the use of temozolomide with radiation therapy. 2 These findings suggest that addition of the endogenous inhibitor of angio- Figure 4 . Genes differentially expressed in 73% to 99% of the tumors. Shown are the log 2 -transformed expression ratios of the genes whose expression levels in 11 to 14 of 15 tumors fall outside the reference range determined from 5 control brains. ANGPTL2 indicates the gene encoding angiopoietin-like 2; CD44, CD44 antigen; CTGF, connective tissue growth factor; ECGF-1, endothelial cell growth factor 1, thymidine phosphorylase, ectonucleotide pyrophosphatase/ phosphodiesterase 2; HSPG2, heparan sulfate proteoglycan of basement membrane; INFG, suppressor of cytokine signaling 1; ITGAV, integrin ␣5; MMP2, matrix metalloproteinase 2; SEMA3F, semaphorin 3F; TIMP3, tissue inhibitor of metalloproteinase 3; TINN1, troponin 1; VEGFB, vascular endothelial growth factor B. Figure 5 . Molecules that correlate with longer survival times. Shown are the genes discovered in a 2-sample t test at the 1% significance level comparing the expression levels of patients who were still alive with the expression levels of those who did not survive. TIE1 indicates the gene encoding tyrosine kinase with immunoglobulin and endothelial growth factor homology domains 1; FGF1, fibroblast growth factor 1.
(REPRINTED) ARCH NEUROL / VOL 67 (NO. 3), MAR 2010 genesis ABT-510 to standard chemoradiation was well tolerated by patients with glioblastoma. The analysis of secondary outcomes of this trial, including time to progression and overall survival time, were slightly improved when considering results from larger randomized trials. 2 This is encouraging for a phase I trial when optimal dosing has not been established. Given the minimal toxicity seen and the promise of survival, we would recommend future studies of ABT-510 at a dose of 200 mg per day combined with temozolomide and radiation therapy for newly diagnosed glioblastoma.
The use of quantitative real-time polymerase chain reaction to evaluate gene expression in pretreatment tumor tissues provided a powerful opportunity to expand our understanding of glioma angiogenesis in the context of an antiangiogenesis phase I clinical trial. The use of TaqMan chemistry provided us with several advantages including the ability to use RNA extracted from archival patient tumor blocks that had been routinely formalin-fixed and paraffin embedded, robust quantification with real-time polymerase chain reaction, and the ability to use a commercially available, predefined angiogenesis gene array. The Applied Biosystems Angiogenesis gene array allows for the quantification of 92 genes associated with angiogenesis and 4 endogenous controls. The use of control brain tissues from 5 patients without tumor allowed us to define a reference range of variability of gene expression levels and to discover genes whose expression levels fall outside this range (P Ͻ .05). The results reveal a multimolecular system that appears to support angiogenesis, enhanced migration/invasion, and growth (Figures 3, 4, and 5 ). Furthermore, the pretreatment tumor tissues of patients with the longest survival times showed low expression levels of TIE1 and FGF1 ( Figure 5 ; PϽ.01). Though this is a phase I study and the patient number is small, the findings raise many questions and uncover interesting hypotheses that set the stage for future studies. In particular, though TSP1 and FGF1 exert opposing effects on angiogenesis, the question arises regarding whether loss of FGF1 and/or TIE1 activity is a necessary condition for TSP-1 to yield therapeutic clinical benefits; specifically, whether the downregulation of FGF1 and/or TIE1 may be markers that predict tumor response to TSP-1. 31, 32 Recall that the molecular studies, performed on tumor samples obtained before TSP-1 was given, revealed an apparent molecular system that supports angiogenesis, growth, and tumor cell migration (Figures 3,  4, and 5 ). Studying the reaction of this molecular system to TSP-1 and how this reaction might correlate with clinical benefits may advance our understanding of the biology of glioblastoma and yield valuable clinical tools.
In conclusion, the addition of the thrombospondin-1 fragment, TSP-1, to standard therapy for newly diagnosed patients with glioblastoma was well tolerated without unexpected adverse or serious adverse events. The time to progression and overall survival times of these patients were encouraging in light of historical expectations. Future phase 2 studies should be considered for the newly diagnosed glioblastoma population using the 200 mg per day dose as the maximum clinically feasible dose. Also, the addition of ABT-510 as an endogenous inhibitor of angiogenesis to VEGF-targeted therapies such as bevacizumab and VEGF trap offer a unique opportunity for synergy without toxicity overlap. The use of quantitative real-time polymerase chain reaction and lowdensity arrays provides a unique and powerful method to extract gene expression data from early-phase clinical trials and should be expanded in phase II studies with emphasis on FGF and TIE1 expression as markers of responsiveness to thrombospondin mimetics.
